Fast-burning mechanism describes the rapid penetration, with a sharp-shaped wave-front, of a strong magnetic field into a conductive metal whose electric resistance poses an abrupt rise at some critical temperature. With its wave-front sweeping over a solid metal, the fast-burning can melt or vaporize the metal very rapidly. This paper derives formulas for the existence conditions and wave-front velocity of a fast-burning.
I. INTRODUCTION
In many strong magnetically driven experiments such as magnetically driven flyer plate, magnetically driven line implosion, and explosive magnetic flux compression, it is important for the metal media to keep in solid state as long as possible. One reason is that solid state of the metal can reduce the growth rate [1, 2] of the magneto-RayleighTaylor (MRT) instability [3] [4] [5] [6] which breaks up the integrity of the system and is one of the main threat to the success of those experiments [5] [6] [7] . Another reason, for magnetically driven flyer plate experiment [8] , is that the back-end of the flyer plate must keep in solid state for being able to be implemeted in impact experiments.
The electric resistance of most metals increases with temperature in the condensed region, and especially, the resistance usually poses a jump at some critical temperature near the vaporization point. A typical example of the temperature dependence of metal resistance is shown in Fig. 1 .
FIG. 1:
Temperature dependence of electric resistance of Aluminum. [9, 10] Considering a general magnetically driven ex- * E-mail:homenature@pku.edu.cn † E-mail:wanggh@caep.cn periment that a solid metal media is pushed by a strong magnetic field, shortly after the time started, the magnetic field diffuses into some depth of the metal, and Joule heat is generated together and causes a rise of temperature in the diffused region of the metal. The increase of temperature causes an increase of the metal's resistance due to the positive dependence of resistance on temperature, which in return accelerates the magnetic diffusion and causes the Joule heat to be generated faster. Those positive feedbacks acting iteratively may leads finally to a fast penetration of the magnetic field into the metal in case some conditions are satisfied. Since the critical temperature is usually near the vaporization point, this fast penetration would melt or vaporize the metal in a short time, thus we call this phenomenon 'fast-burning'.
The fast-burning phenomenon may have appeared in many magneto-hydrodynamics simulations of strong magnetically driven experiments where temperature dependence of resistance is considered [11, 12] . However, untill now, no specialized study of fast-burning are found in literatures. In this paper, we have a theoretical study of fastburning, deriving formulas for its existence conditions and penetrating velocity. Let's first establish a simplified mathematical description of the physical problem to be discussed. The physical problem is a vacuum magnetic field diffuses into a metal slab, as illustrated in Fig.  2 . Kinematic movement is not considered, and temperature diffusion, whose rate is usually 10
smaller than magnetic diffusion, is also neglected. Only magnetic diffusion is considered in the sysarXiv:1602.04787v1 [physics.plasm-ph] 12 Feb 2016 tem, i.e., the control equation is solely
The metal's electric resistance poses a typical jump at a critical temperature T c , as modeled in Fig.  2 (a), where η L η S is assumed. The vacuum magnetic field B 0 is kept constant in the process. At the initial state, the magnetic field distribution in the metal slab is zero. After the time started, the vacuum magnetic field diffuses into the metal, and Joule heat is generated in companion. If the Joule heat density is large enough, it would rise the metal's temperature above its critical temperature T c , and cause an abrupt increase of its resistance. The increase of resistance will accelerate the magnetic field diffusion. Those effects act iteratively will cause a fast penetration of the magnetic field into the metal, as illustrated in Fig. 2(c) . In the following, for convenience of discussion, we also talk about the critical Joule heat density J c , which is defined as the Joule heat per volume (not per mass) that is required to heat the metal to its critical temperature.
B. Fast-burning solvation of magnetic diffusion equation
First, a one-dimensional numerical simulation of the physical problem of Fig. 2 was carried. In the simulation, the metal's parameters are set according to the material of steel. The metal's critical Joule heat density is set J c = 1.0 × 10 4 J cm −3 (which is estimated with the formula J c = (T c − T 0 )c v ρ, with critical temperature T c = 3134K, room temperature T 0 = 300K, heat capacity c v = 0.45J g −1 K −1 , and mass density ρ = 7.86g cm −3 ). The metal's resistance below T c is set η S = 9.7 × 10 −8 Ωm while its resistance above T c is set η L = 100 × η S , and the vacuum magnetic field strength is set B 0 = 200T. Simulation results of the time evolution of magnetic field distribution are shown in Fig. 3 . Three typical characteristics are shown in the figure: 1. there is a 'knee' on each distribution line, and the magnetic field strength at the knees is nearly constant; 2. the distribution behind (leftside) the knee is very close to a linear distribution; 3. the distribution ahead (rightside) the knee is very close to an exponent.
Inspired by the above numerical simulation, we guess a fast-burning solvation of the magnetic diffusion equation as illustrated in Fig. 4 . The solvation is departed into three sections: a constant field in the vacuum section, a linear distribution in the large resistance η L section, and an exponent distribution in the small resistance η S section, that is
where x c is time dependent, V c ≡ dxc dt , B c corresponds to the height of the knees in Fig. 3(a) and is assumed a constant, and B 0 > B c is also assumed.
This solvation satisfy the magnetic diffusion equation (1) in an approximate sense under proper 
The scale of (x − x c ) can be estimated by the coefficient factor in the exponent, i.e. (x − x c ) ∼ ηS µ0 
Thex is a typical length scale used for length normalization and can also be set asx ∼ ηS µ0
1 Vc , then the requirement Eq. (5) becomes
B c in the solvation Eq. (2) needs to be determined. It is related to the critical temperature T c defined in Fig. 2(a) . At the position x c , the metal's resistance changes from η S to η L , this means that the Joule heat density produced at this point is right J c . This Joule heat is collected by the moving exponent section. So we have
where V (x ) is the moving velocity of the exponent section exp{− µ0 ηS V c x } when the relative position x of the exponent section is sweeping over the considered fixed point in the metal, and we have used an approximation V (x ) = V c which means that the velocity of the exponent section keeps nearly constant when its main body is sweeping over the considered fixed point. From Eq. (7) we get
Eq. (8) also indicates an existence condition for fast-burning, that is, for a fast-burning solvation to exist, we must have
Velocity of fast-burning V c (t) can be determined from energy conservation. The magnetic energy flux at the point x c should equal the sum of the magnetic energy increase rate and Joule heat production ratio at the right side of x c , that is
where
Bc−B0 xc
, and the term ( 
By applying the formulas (8) and (11), the requirements (4) and (6) can be rewrote respectively as
and
C. Verification of the formulas
The formulas for B c and V c , i.e. Eq. (8) and (11), can be verified by comparing them with the one dimensional numerical simulations. Using the same parameters as in the one dimensional simulation in section II B, we obtain from formulas Eq. (8) and (11) the results B c = 1.58 × 10 2 T and V c = (2.05m 2 s −1 )/x c . This value of B c agrees well with the one dimensional numerical simulation result, i.e. the height of the knees (the horizontal line) in Fig. 3(a) . The result V c = (2.05m 2 s −1 )/x c is drawn in Fig. 5 together with the results from one dimsional numerical simulations, and good agreement is also found. 
III. CONCLUSIONS AND DISCUSSIONS
The conditions for the emerging of a fastburning when a vacuum magnetic field diffuses into a metal whose resistance poses a typical jump at some critical temperature are B 0 > B c with B c = √ 2µ 0 J c , η L /η S 1, and ηL ηS B0−Bc Bc 1, where B 0 is the vacuum magnetic field strength, J c is the Joule heat density required to heat the metal to its critical temperature, and η S (η L ) is the metal's electrical resistance below (above) critical temperature.
The velocity of the wave-front of a fast-burning is V c = ηL µ0 B0−Bc Bc 1 xc , which is proportional to the metal's resistance above critical temperature and propotional to the difference between the vacuum magnetic field strength and the critical magnetic field strength. The velocity gradually slows down when the wave-front propagate deeper (i.e. x c becomes larger) into the metal.
The formulas derived in this paper can be used for estimating the time the metal keeps in solid state when strong magnetic field are penetrating it, and should be useful for the design of many strong magnetically driven solid media experiments.
